INTRODUCTION
Missions to the Mars surface will most likely require electric power. Of the several possibilities, photovoltaic (PV) power systems can offer many advantages, including high power to weight ratio, modularity, and scalability.
To design a photovoltaic system, detailed information on solar radiation data on the Martian surface is necessary. The variation of the solar radiation on the Martian surface is governed by three factors: (a) the variation in Mars-Sun distance, The globalirradianceG/3 on an inclined surfacewith an angle/3,is: G_ = Gb coso + Gab cos_(_/2) + alGh sin2(_/2)
where:
0 Sun angle of incidence, the angle between the beam irradiance on the surfaceand the normal to that surface al albedo
As shownby Eq. (3),the irradianceon a surfaceisa functionof the Sun incidenceangle 0 and the surface inclination angle 8. These two angleswillbe determined foralltypes of stationarysurfaces.
The surfaceoptimal tilt angle forclearskiesmay be determined based on the maximum beam irradianceor maximum dailybeam insolation. The surfaceoptimal tiltangle fordays with appreciable diffuse irradiance("cloudy"skies)may be determined based on the maximum dailyglobalinsolation.
ANGLES INVOLVED IN SOLAR CALCULATION

Positionof the Sun on a HorizontalSurface
The anglesinvolvedin the positionof the Sun in the sky are shown in Fig. 1 cos ¢ sin z
The sunrise and sunset hour angles are, respectively:
Wsr = -cos-l(--tan 6 tan ¢) (8)
for I¢I < -161.
If -tan 6 tan ¢ > +1 (¢ < -r/2 + 6 or _b > r/2 + 6), the Sun will never rise nor set for the day: polar night.
If -tan 6 tan ¢ = +l, the Sun will be on the horizon for an instant only.
If -tan 6 tan ¢ < -1 (¢ > r/2 -6 or ¢ < -r/2 -6), the Sun will neither rise nor set for the day: polar day.
At the equator, ¢ = 0; therefore Wsr = 7r/2, and the day length is independent of the solar declination (or season) and is always equal to 12 hr (on Earth), or 12.33 hr (on Mars).
At the equinoxes, 6 = 0; therefore Wsr = r/2, and the day length is independent of latitude and is equal to 12 hr (Earth), or 12.33 hr (Mars).
(1 lV
The sunrise and sunset azimuth angles are respectively:
sin %r = cos 6 cos co sr sin %s = cos 6 cos coss and the number of daylight hours is:
Earth:
Mars: T d : 0.137 cos-l(-tan 6 tan _b) (12B)
Solar Angles of an InclinedSurface
The solaranglesinvolvedon an inclinedsurfaceare shown in Fig.3 , where:
fl inclination, the angle between the surfaceand the horizontal _c surfaceazimuth angle,the angle of the projectionon a horizontalplane of the normal to the surface from the localmeridian;zero south,east negative,west positive, -180°_< _/c-< 180°, 
The zenith angles at sunrise and sunset Zcr, Zcs on the surface is given by Eqs. (5) and (15) 
respectively.
Solar Angles of a Vertical Surface
The Sun angle of incidence on a vertical surface, is given by Eq. (13) or (14) for # = 90o, i.e., cos 0 = sin z(cos 7s cos 7c + sin 7s sin %) cos 0 = (sin ¢ cos 6 cos 0_ -cos ¢ sin 6)cos 7c + cos g sin w sin %
The sunrise and sunset hour angles on the surface are given by Eqs. (15) to (20), where now: and _ at w --0. The optimal azimuth of the surface is therefore:
i.e., the surface is facing south in the northern hemisphere, or facing north in the southern hemisphere.
The optimal inclination angle is:
_=¢-_ i.e., the surface is normal to the Sun rays at solar noon.
The solar incidence angle becomes (Eq. (28)):
The solar declination angle varies daily, and for a stationary surface an average declination angle $ is used. Equation (33) thus becomes:
cos 0 = sin 6 sin(¢ -_) + cos 6 cos(¢ -_)cos
For the particular case of _ = ¢ we have:
cos 8 = cos 6 cos w
The sunrise Wcr and sunset Wcs hour angles on the inclined surface facing the equator are: 
where Wcr is given by Eq.
(30). For winter
The Sun hour angle Wcr on the surface is by itself a function of fl, and since the optimal inclination angle fl for summer is small, we may replace COcrby COsr (Eqs. (8) and (30)). Equation (39) may now be written as:
(38)
For days with high optical depth ("cloudy" skies) or days with appreciable diffuse irradiance, the surface optimal inclination angle may be determined by all three components of the solar irradiance. The daily global insolation, Hfl, in Whr/m2-day is given (see Eq. (3)) by:
The daily global insolation may also be given as a summation, where the subscript i corresponds to the irradiance at hour angle wi and A_o is the solar angle interval.
The factor 12.33 accounts for the 24.66 hr lVhrs day; for Earth, this factor is exactly 12.
In this section we will determine the surface optimal inclination angle for stationary surfaces. For isotropic skies, the optimal azimuth angle is at 7c = 0 and the solar incidence angle 8 is given by Eq. (28). The optimal inclination angle is obtained from the differentiation of Eq. (42) with respect to/_.
The hour angles Wcr and Wcs depend on _ (see Eqs. (30) and (31) 
and by using Eq. (28), the daily optimal inclination angle becomes: where the subscript i corresponds to the irradiance at solar angle _i, and A_ is the solar angle interval.
The sunrise _sr and sunset _ss hour angles, and the sunrise _cr and sunset _¢s hour angles on an inclined surface are given in Eqs. (8), (9), and (15) to (22), respectively. The angle of incidence 0 is a function of the surface azimuth 7c and inclination _ angles.
Surface Facing the Equator
The optimal surface inclination angle may be determined for clear skies based on the beam irradiance (or daily beam insolation), or based on the daily global insolation. The yearly optimal inclination angle of a surface is given by Eq. (36), i.e.,
and the Sun incident angle is given by Eq. (37), i.e., cos 0 --cos 6 cos w
The sunrise hour angle Wcr on the inclined surface is needed for Eq. (43) to calculate the daily beam insolation on the surface. Table I gives the sunrise time on a surface for _ = ¢ using Eq. (30) for different latitudes in the range between ¢ = -90°to 90°, and for different areocentric longitudes between L s = 0°to 360°. These times are in terms of actual (terrestrial) hours (hr), rather than Mars hours. Note that the sunrise time on a inclined surface is defined as the time in hours (referenced to midnight = 0) when the Sun is first visible from the front surface. This is not necessarily the time that the Sun rises over the horizon. These times are only the same during the local autumn and winter. During spring and summer, the Sun illuminates the back side of the surface before aJ = -90°(6.16 hr) and after _0 --+90°( 18.49 hr). The sunrise hour angle on the surface is then determined by Eq. (21). The times 6.00 and 12.00 in Table I for high latitudes indicate polar days and polar nights, respectively. The results are shown in Fig. 8 . It is also interesting to know the insolation for the entire planet for clear skies throughout the year. Figure 9 shows the insolation on inclined surfaces, /3 ---_, at local latitudes for r : 0.5.
The optimal inclination angle of a surface will now be determined based on the insolation rather than on the irradiance using Eq. (43). The yearly optimal inclination angle resulted in 6.5°at VL1 and 22°at
VL2 for the measured opacities. Table III gives the daily direct beam, diffuse and the albedo components as well as the daily global insolation for the optimal inclination angles at VL1 and VL2. By comparing Tables II and III we obtain the percentage gain in the yearly insolation for the two installations: the approximate (/3 = ¢) and the exact optimal angles. The gain in the yearly global insolation is 2.47 percent at VL1 and 6.46 percent at VL2 in favor of the exact inclination angle.
Vertical Surface
A special case is a vertical surface, i.e.,/3 = 90°. A vertical biracial surface (two-sided surface) acting as a PV array or as a radiator may be of special interest. The variation of the daily global insolation on a bifacial vertical surface is therefore calculated at different azimuth angles _c at VL1 for the observed opacities, and is shown in Fig. 10 . The azimuth _c --0 indicates that side A is facing south and side B is toward north. The figure shows that there is a small difference in the insolation for different azimuth angles at times with dust storms since the insolation is dictated mainly by the diffuse light, however, for clear skies the azimuth effects the global insolation. The best orientation for a PV array to face would be the east-west direction, and for a radiator the north-south direction. 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 175 12.00 6.80 6.39 6.24 6.17 6.12 6.08 6.05 6.02 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 180 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 185 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 6.00 
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DISCUSSION
